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ABSTRACT 
 
In the recent years, there have been many new skyscrapers built which soar into new 
heights. The most efficient building system for high-rises has been the framed tube 
system. However, the framed tube building suffers from shear lag effects which cause a 
nonlinear distribution of axial stresses along the face of the building. A particular 
structural system called a diagrid system has caught the attention of the public. The 
diagrid system is not a new invention. The idea had been around since 1960 and few 
buildings have been built with the diagrid system. However, the implementation in a 
larger scale of such tall building was not practical due to high cost related to the difficult 
node connections. It is only in recent years that the technology has allowed for more 
reasonable cost of making the diagrid node connections. Despite becoming the new trend 
in high-rise structures, there are not many technical publications related to diagrid 
building system. A recent thesis by Moon (2005) studied the various angles of the diagrid 
to find optimum angle. He has also reviewed the design considerations for diagrid 
building. This thesis attempts to build on the study by Moon related to the shear lag effect 
in diagrid building. Diagrid buildings of different configuration are modeled in SAP2000 
and analyzed for shear lag effect and structural performance. 
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Chapter 1: Introduction 
Construction of high-rise buildings used to be driven by the demand for space in 
densely populated land areas. However, as the height of the high-rises increased, the 
skyscraper became a symbol of prominence. Advancements in structural engineering and 
technology have greatly pushed the height limit. The growth was propelled by the 
invention of the safety mechanism for vertical elevators by Elisha G. Otis in mid 1800, 
which made the elevator the safest and efficient means of vertical transportation in tall 
buildings. Combined with the improvement in fabrication and construction methods, the 
construction of skyscrapers not only has become more relevant and feasible; it has 
pushed the height limit even further. Over the years, Nations and major companies have 
been constantly pursuing the title of the tallest building in the world.  
Major advancements in structural engineering have been the development of 
different structural systems that allow for higher buildings. As the height of the building 
increase, the lateral resisting system becomes more important than the structural system 
that resists the gravitational loads. The lateral resisting systems that are widely used are 
the following: rigid frames, braced frames, belt and outrigger truss systems and framed 
tube structures. A core or a system of cores which provides additional stiffness to the 
structure, is usually present in the structural system and used for utilities and the elevator 
shaft. A combination of the lateral resisting systems or a variation of the concept such as 
the braced tube system or the bundled tube system has resulted in high-rises with base to 
height aspect ratio of 1:7 or higher. 
Many higher skyscrapers have used the framed tube system or braced tube system 
as its primary structural system. However, these tube systems are affected by the shear 
lag effect. Shear lag is a nonlinear distribution of stresses across the sides of the section, 
which is commonly found in box girders under lateral load. This effect results in higher 
stresses at the corner columns than the inner columns of the sides. This reduces the 
structural efficiency of a tube structure and increases the lateral displacement of the 
building increases under lateral load. 
In recent years, some high-rises have been constructed with triangulated exterior 
structural members. This system is known as diagrid system. It is architecturally very 
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appealing as shown by the Swiss Re Building in London and Hearst Tower in New York. 
The diagrid works as an effective lateral resisting system. Its configuration allows for no 
exterior vertical element and promises structural efficiency and strength. Due to its 
structural elements that are mostly located at the exterior of the building, a diagrid system 
resembles a tube system. Just as other tube structures, it is suspected that diagrid system 
is also affected by the shear lag effect. The existence and distribution of the shear lag 
effect in diagrid systems will be investigated in this thesis. 
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Chapter 2: Shear Lag Effect 
2.1 Introduction to Shear Lag 
The shear lag effect has been identified long time ago. As early as the 1930s 
researches had been conducted to study the shear lag effect in box beams. Shear lag effect 
is relevant to any slender box element that is loaded laterally such as airplane wing 
structures and box girder bridges. This also includes the structural elements of buildings 
such as the core walls and the framed tube system. 
The beam theory assumes that a plane remains a plane after bending. This 
assumption results in a linear distribution of bending stress in the cross section of the 
beam. This assumption can only be true in a box section if the shear stiffness of the cross 
section is infinite or if there is no shear force in the box. If the shear force exists in the 
box, shear flow is developed across the flange and web panels. Due to the shear flow 
between the flange and the web of the box, the panels displace longitudinally in the way 
that the middle portion of the flange and web lag behind that of the portion closer to the 
corner of the box section. This nonlinear longitudinal displacement of the flange and web 
results in the axial stress distribution as shown in Figure 2-1. This shear lag effect reduces 
the effectiveness of the box structure by increasing the stress concentration at the web-
flange junctions, reducing the axial stresses at the middle of the frame panels, which 
accumulates to increased lateral deflection of the structure. 
 
Figure 2-1: Axial Stress Distribution in Beam Structure 
(a) Without Shear Lag; (b) With Shear Lag 
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More recent studies found a phenomenon in box section opposite to the shear lag 
effect. In 1982 Foutch and Chang observed the anomaly in a cantilever box girder 
subjected to uniformly distributed load. In the region beyond the one-quarter the 
cantilever length from the fixed end, the bending stress in the box section at the corners 
are lower than the stresses at the middle of the flange panel as shown in Figure 2-2. This 
phenomenon is called negative shear lag. 
 
Figure 2-2: Negative Shear Lag 
Ever since, more studies have been conducted to understand the occurrence of 
negative shear lag and its relation to positive shear lag. Chang and Zheng (1987) 
confirmed the occurrence of negative shear lag using finite element analysis and 
analytical method. Furthermore, Kristek and Studnicka (1991) used the folded plate to 
analyze box girders under concentrated load at the end of the cantilever beam and 
concluded that “if the loading shear flows acting along the edges of the flanges are of 
constant magnitude (i.e., if they have no gradient), no shear lag occurs.” Shushkewich 
(1991) suggested that negative shear lag could occur when load components that create 
positive shear lag by itself are combined. The negative shear lag occurs due to the shear 
lag of each load component that dampens at a varying rate. 
A study by Lee, Yoo and Yoon (2002) attempted to explain the origin of negative 
shear lag. They suggested that because uniformly distributed load can be formed by 
superimposing distributed loads acting on the differential length, negative shear lag that 
occurs in a cantilever box girder under uniformly distributed load could also occur in a 
cantilever box girder under a concentrated load. They modeled a cantilever box girder 
subjected to a concentrated load at midspan. The analysis showed that there is no 
negative shear lag between the support and the point of concentrated load just as in the 
cantilever subjected to a concentrated load at the free end. However, it was found that 
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negative shear lag occurs at the point of concentrated load (x = 0.5L in Figure 2-3) and 
beyond. This stress distribution occurs at zero bending moment zone where there should 
be no bending stresses according to the bending theory of beams, which have never been 
recognized in the previous studies. It was noted that the flange will deform as shown in 
Figure 2-4, which require the portion in the zero bending moment zone to also deform to 
satisfy the compatibility requirement. The deformation and stress distribution must be 
self equilibrating as the result of compatibility requirement is referred to as “shear lag-
after effect”. 
 
Figure 2-3: Top Flange Stresses for Concentrated Load at Midspan 
 
Figure 2-4: Deformed Shape of Flange 
It was concluded that the source of negative shear lag is positive shear lag. Stress 
distribution at any point on the beam is a resultant of the stresses at either side of the 
point. This applies not only to concentrated load but also for distributed load. If a 
distributed load is divided into two different load cases, the stress distribution at the point 
of separation for each beam will add up to the stress distribution in the beam with 
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continuous distributed loading as shown in Figure 2-5 and Figure 2-6. Therefore, it can 
be observed that if the shear lag-after effect overcomes positive shear lag, negative shear 
lag will occur. 
 
Figure 2-5: Linearly Distributed Load Divided into 2 Load Cases 
 
Figure 2-6: Stress Resultant at Point of Load Separation 
2.2 Shear Lag in Framed Tube Structure 
The framed tube building system in high-rises consists of closely spaced columns 
around the perimeter of the building. It is a very efficient structural system as it takes 
advantage of the perimeter configuration for the structure, therefore utilizing the whole 
width of the building to resist the overturning moment due to the lateral load. A framed 
tube building behaves very much like a box girder. The overturning moment due to 
lateral load is resisted by the axial stresses of the columns at the four sides of the 
building. Bending of the beams and columns of the web panels in the plane of the load 
resist the shear force due to the lateral load. 
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Analogous to a box girder, a framed tube building is also affected by shear lag. As 
shown in Figure 2-7, columns at the edge flange panel of the building experience higher 
axial stresses than the middle columns. The columns at the edge of the web panel also 
have higher axial stresses than the axial stresses according to the plane remains plane 
assumption. At the middle of the flange and web panels, the axial stresses in the columns 
are smaller than the axial stresses given by the plane remains plane assumption. In 
addition to reduced lateral stiffness, the nonlinear stress distribution of the axial stresses 
in framed tube building produces warping of the floor slab and consequent deformation 
of the secondary structures. 
 
Figure 2-7: Shear Lag in Framed Tube Building 
Many papers and journals that have studied shear lag effects in framed tubes 
structures and proposed methods to calculate the shear lag effect. In general, all the 
methods neglect the out-of-plane action of the frame panels because of the high in-plane 
stiffness of the floor slabs. Equivalent plane frame elements have been used to analyze 
the three dimensional system of framed tube building. Khan and Amin (1973) suggested 
that in preliminary design, the shear lag effect could be approximated using equivalent 
pair of channels for the framed tube structures. Chan at al. (1974) proposed equivalent 
solid shear walls to be used for the web panels of a cantilevered box structure and rigidly 
jointed beam-column frames for the flange panels. The axial displacement across the 
width of the flange was assumed to be either parabolic or hyperbolic cosine function. 
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This methodology is also applicable for framed tube structures. Coull and Bose (1975, 
1976) and Coull and Ahmed (1978) used equivalent orthotropic membrane for the framed 
tube panels. Each orthotropic membrane has elastic properties that represent the axial and 
shear behavior of the actual panel. The bending stress distribution was assumed to be 
cubic in the web panels and parabolic in the flange panels. Similarly, Khan and Stafford 
Smith (1976) developed an orthotropic membrane analogy. However, they used finite 
element analysis to determine the equivalent elastic properties for the membranes. 
Further development in the orthotropic membrane analogy was done by Ha et al. (1978) 
by including the shear deformations of the frame members and the deformation of beam-
column joints in the derivation of the equivalent elastic properties. 
Ha et al. provides an accurate approximation of the elastic properties for the 
orthotropic membranes. However, the method can be quite sophisticated for preliminary 
design purposes. Kwan (1994) proposed an abridged version of Ha et al.’s method. 
Unlike previous methods, distribution of axial displacement of the web and flange panels 
is independent of each other. This is a more realistic assumption as shear lag in one panel 
is more related to the properties of that particular panel than the other panel. Independent 
cubic distribution of axial stresses and parabolic distribution for the flange panels were 
derived using the minimum potential energy principle. This assumption also leads to 
simpler formulas for the evaluation of the shear lag effects. Kwan also noted that shear 
lag effects at the bottom of the structure are usually higher than at the upper levels. The 
shear lag is also influenced by the loading on the structure. Higher degree of shear lag at 
the bottom of the structure is greater for triangular distributed load than a uniformly 
distributed load. Also a uniformly distributed load results in greater shear lag than point 
load at the top. Moreover, shear lag effect is found to be more significant in low-rise 
buildings than in high-rise buildings. 
A method of different approach is used by Kristek and Bauer (1993) in 
calculating the stress distribution in columns across the front width of high-rise buildings. 
Harmonic analysis is used to simplify the calculations, in which the distribution of axial 
forces in the columns and the shear flows in the connecting beam segments is expressed 
as a sum of sine and cosine functions.  Their study emphasized the contribution of the 
stiffness of the connecting beams to the stress distribution. As the stiffness of the 
 16 
connecting beams increase, the shear lag effect at the bottom cross section decreases. 
However, it was noted that shear lag effect is still observed for very high value of 
stiffness of the connecting beams. 
Similar to box girders, negative shear lag also has been recognized in framed tube 
buildings (Chang 1982, Connor and Pouangare 1991, Kristek and Bauer 1993). Singh and 
Nagpal (1994) separate the framed tube building into two modes: “(1) the portion of the 
building above the j-th floor level is subjected to the loading with joints at the j-th floor 
level assumed to be fixed; and (2) the upper portion is subjected to joint displacements at 
j-th floor level”. The first mode contributes to positive shear lag while the second mode 
contributes to negative shear lag. The overall behavior of the building is the net effect of 
the two modes. They developed a formulation to determine the location of level η, which 
is the level of shear-lag reversal. At this level, the negative shear lag effect overcomes the 
positive shear lag, as shown in Figure 2-8 and Figure 2-9; where (ΔF)1 and (ΔF)2 are the 
difference of axial forces in the corner column and the central column for mode 1 and 
mode 2, respectively. 
 
 
Figure 2-8: Variation of (ΔF)1 and 
(ΔF)2 along Height of Building 
 
Figure 2-9: Axial Forces in Flange of 
40 Story Building
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Singh and Nagpal (1994) concluded that “negative shear lag originates from 
positive shear lag and counteracts it”. Positive shear lag occurs in the bottom portion of 
the building while negative shear lag occurs at the top portion of the building. Both shear 
lag effects are more significant for buildings with lower stiffness values. Shear lag effects 
are also higher for buildings with low number of stories to number of bays ratio. As the 
positive shear lag increases, the negative shear lag also increases and the level of shear-
lag reversal shifts upward. When the negative shear lag is very large, columns at the 
corner of the building may experience axial stresses opposite to those in the middle of the 
panel. 
According to the findings above, there are few ways to reduce the effect of shear 
lag. As mentioned before, shear lag effect would not occur if the beam section has 
infinite shear stiffness. The stiffness of framed tube structure can be increased by 
increasing the ratio of the number of stories to the number bays, which will reduce the 
shear lag effect as reported by Singh and Nagpal (1994). Shear lag effects can also be 
reduced by employing additional structural system in the framed tube system, which 
increases the stiffness of the overall structural system. Mega bracings can be used to 
increase the shear stiffness of the flange and web frames of the framed tube building 
(Figure 2-10). Belt trusses can also be added at multiple levels of a framed tube system 
(Figure 2-11). Belt truss effectively increases the shear stiffness of framed tube structures 
by integrating all the columns in the same face of the building. Outriggers act in the plane 
parallel to the lateral load and connect the belt truss to the core. Ideas similar to the belt 
truss are the offset outriggers (Stafford Smith 1996, Nair 1998) and the façade rigger 
system as analyzed by Hoenderkamp and Snijder (2003). 
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Figure 2-10: Mega Bracings in Framed Tube Buildings 
 
Figure 2-11: Belt Truss in Framed Tube Building 
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Chapter 3: Diagrid Building System 
Braced frame is a very efficient structural system in resisting lateral loads. It is 
mostly used in story-height and bay-width only. A similar scheme has been incorporated 
in larger scale spanning multiple stories and multiple bays in high-rises. Multiple 
bracings at the same level also have been used, which form a space truss structure such as 
the 27-story Alcan Building in San Francisco and the 76-story Bank of China Building in 
Hong Kong. 
Diagrid is a particular form of space truss. It consists of multiple diagonal 
elements that form a diagonal grid on the face of the structure. The diagonal grid makes 
the structure stable even without having any vertical columns. The concept of diagrid 
system in tall buildings has been around for a long time. The 13-story IBM Building in 
Pittsburgh that was completed in 1963 is an early example of successful implementation 
of such system. Some other diagrid concepts have also been proposed, such as the design 
for Humana Headquarters competition by Sir Norman Foster in the early 1980s, but 
might have not been commissioned due to its relatively complex geometry and costly 
connections. The joints were difficult and not practical to be fabricated due to 
manufacturing constraints at the time. With not much precedence, developers and owners 
were reluctant in choosing diagrid designs despite its appealing aesthetics and structural 
advantages.  
Recently, more buildings with diagrid system has been proposed and entered in 
design competitions. The booming trend is the result of improvements in technology and 
manufacturing techniques that allow for more precise and automated fabrication even for 
complex connections such as that in a diagrid building. Precision is an important aspect 
in diagrid system as the angles of the members at the node has to be maintained to ensure 
the triangular configuration of the members that gives the structure its stability and 
efficiency. The intersection nodes can now be produced in the shop in large number and 
delivered to site to be assembled with the straight members. 
The initial design of the Freedom Tower at the World Trade Center (2003, revised 
design of different system is under construction) in New York by Daniel Libeskind of 
SDL and David Childs of SOM is one of the examples of diagrid building system. Ross 
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Wimer of SOM submitted another diagrid building system for Qatar Science Centre 
design competition (2002). The new headquarters for Central China Television (CCTV) 
by Rem Koolhass of OMA, which is currently under construction, is a good example of 
utilization of diagrid system structural efficiency to support building with challenging 
shapes (Figure 3-1).Probably the most famous examples of diagrid buildings are the 
Swiss Re (2004) in London and Hearst Tower (2006) in New York shown in Figure 3-2 
and Figure 3-3. Both high-rises, designed by Foster and Partners, have gained much 
publicity due to its distinctive appearance and acclaimed sustainability features. 
Furthermore, diagrid system can also be used for more complex building system such as 
Kaiserslautern Landmark (2007) in Germany (Figure 3-4). The diagrid structure designed 
by Kas Oosterhuis of Oosterhuis and Lénárd (ONL) is used to form bridge, station and 
landmark Tower described by one continuous line. 
 
 
 
 
 
 
Figure 3-1: CCTV Headquarters, 
Beijing 
 
Figure 3-2: Swiss Re, London 
 21 
 
Figure 3-3: Hearst Tower, New York 
 
 
 
 
 
Figure 3-4: Kaiserslautern Landmark, 
Germany
Diagrid has bold appearance. It is distinctive and easily recognized. If this is the 
intent of the architect, diagrid as a structural system provides additional aesthetic values 
to the building itself. Diagrid system also allow for the building to have no corner 
columns or even column free façade. Vertical columns often become obstruction to the 
outside view due to its close spacing for a framed tube building. The configuration and 
efficiency of diagrid system reduce the number of structural element required on the 
façade of the building, therefore present less obstruction to the outside view. The 
structural efficiency of diagrid system also makes interior columns unnecessary, therefore 
allow much flexibility on the floor plan. This is much preferred by architects and 
developers. 
The structural efficiency of diagrid system stems from its triangular configuration. 
The triangulation resists both gravity and lateral load by axial stresses of its members. 
This simplifies the loading on the member where each member simply acts in tension or 
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compression with no bending. The interaction of bending and axial force in columns is 
not as well understood as the behavior of columns that are only loaded axially. Stresses 
and deflection of a column with axial force and bending moment is calculated less 
accurately than column that is only loaded axially. Diagrid system also has high 
redundancy as it can easily redistribute its load, granted some member fails but does not 
change the overall shape of the building. This has become an important feature in high-
rise buildings, not only for the safety of the building but also for incidental events of 
explosion and terrorism. 
Although there have been heightened interest in diagrid structures, there have not 
been many studies of the behavior of diagrid system in published journals and papers. 
One of the few technical publications in diagrid structures available at the time of the 
writing of this thesis is a thesis by Kyoung-Sun Moon titled Dynamic Interrelationship 
Between Technology and Architecture in Tall Buildings (2005). He specifically 
discussed the diagrid system in Chapter 6 of his thesis. He performed a study on the 
performance of diagrid building with different angles to find the optimal angle. He used 6 
computer models of 60 story diagrid buildings with 34°, 53°, 63°, 69°, 76°, 82° angle 
diagrid and a regular framed tube building, all with the same member size and compare 
the lateral displacement of the buildings. He found that all diagrid buildings performed 
better than the framed tube building. For 60 story diagrid buildings with corner columns, 
the optimum angle lies between 53° and 76°. Without corner columns, the optimum angle 
lays around 70°. He also performed similar study for 42 story and 20 story diagrid 
buildings and found that the optimum angle reduces as the number of the story decreases. 
This is due to the shear deformation that becomes more dominant as the number of story 
decreases. Moon also studied the optimal value of “s”, which is the ratio between the 
displacement at the top of the structure due to bending and the displacement due to shear. 
Based on the total tonnage of the structures required to satisfy the displacement 
constraint, optimal values of s was found to be 3, 4, and 5. These values of optimal angle 
and s in diagrid structure leads to the most efficient and economical member section and 
can conveniently be used to size the members in preliminary design. 
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Chapter 4: Modeling and Analysis 
Similar to framed tube structures, all the structural elements in diagrid structures 
are at the exterior of the building. Despite its higher efficiency compared to other 
building systems, the framed tube system suffer from the shear lag effect. The effect of 
shear lag on diagrid system has not been studied in any published journals and papers. 
Using computer model of diagrid buildings, the axial stress distribution in diagrid 
structures will be studied to shed light on the effect of shear lag in diagrid system. 
The triangulation of structural members in the diagrid system results in a stiff 
structural system. As mentioned in the previous chapter, structures with higher stiffness 
have been observed to experience less shear lag. Using the computer models, it will be 
revealed whether the triangulation of the structural elements and high stiffness of the 
diagrid system result in lower shear lag effects. 
4.1 Analysis Method 
The model used in this analysis will be similar to the model used in the study by 
Moon (2005). A 120 ft wide 60 story building model with floor height of 12 feet will be 
used to represent a high-rise structure. Corner columns will be eliminated from the model 
as it is the general preference of developers and architects. As a start, the optimum angle 
given in Moon’s study will be used to construct the diagrid system for the model. It was 
stated that the optimum diagrid angle for 60 story building with no corner columns lies 
around 70 degrees. To adapt to the geometry of the chosen model, the diagrid angle will 
be 71.6 degrees (Figure 4-1). The density of the diagrid will be 4 modules of diagrid at 
each level. The diagrid was modeled to have hinges at all intersection nodes and 
composed of uniform size members. All nodes at the same level are constrained by stiff 
floor slab that cause all the nodes to move together in the same plane, but does not restrict 
the movement of each node out of the plane of the floor slab. The building model, shown 
in Figure 4-2, is supported by fixed supports. 
The building is assumed to be loaded with 50 psf uniformly distributed wind load. 
Point load based on the tributary area are applied symmetrically at each corner on the 
windward and leeward side of the building. The point loads are loaded conveniently at 
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the corners as the rigid floor slab constraint will distribute the load evenly throughout all 
the nodes at the same level. For verification, the model was also loaded at all the nodes in 
the windward and leeward side of the building and no significant difference in the stress 
distribution was observed. Furthermore, it should be noted that this thesis is more 
concerned about the behavior of the structure instead of numerical accuracy. 
 
 
 
Figure 4-1: 71.6°  Diagrid Model 
 
Figure 4-2: Diagrid Building Model 
 25 
4.2 Analysis and Results 
The computer software used to analyze the model was SAP2000. A 2 inch thick 
tube section of 18 inch outside diameter is selected to satisfy H/400 allowable lateral 
displacement. Upon completion of the computer analysis, the axial stresses of the diagrid 
members were displayed. The axial stress of the members of the flange and web of the 
building at the base and quarter points along the height of the building to the top was 
recorded in Excel spreadsheet. It was noted that the stresses showed exact symmetry as 
expected, which is a good indication that the restraints, constraints and loading were 
correctly modeled in SAP2000. 
Because diagrid structures do not have vertical elements, the shear lag effect in 
the bending stress distribution cannot directly be observed. To obtain the axial stresses in 
the longitudinal direction, the building is sectioned at the floor level that are going to be 
analyzed and the vertical component of the axial stress in all diagrid elements that meet at 
the node of interest is summed. Specifically, the diagrid members from flange and web 
that meet at the corner node have to be included to calculate the resultant axial stress at 
the corner of the building. The detailed calculations are listed in Appendix B. The 
resultant axial stresses were normalized by an arbitrary factor for plotting purpose. The 
resultant axial stresses were plotted against the height of the building, H, in z axis and the 
width of the building, B, in x axis. The distribution of the resultant axial stresses is 
plotted in Figure 4-3 for the flange panel and Figure 4-4 for the web panel, and now can 
be compared with the behavior of a framed tube structure. 
The resultant axial stress distribution plots in Figure 4-3 and Figure 4-4 show 
clear evidence of shear lag effect as the total of the vertical axial forces at the corners of 
the flange is higher than the middle members at the bottom of the building. Similarly, the 
axial stress distribution in the web due to bending is shown to be nonlinear. Furthermore, 
negative shear lag also occur from ¼ height to the top of the building. The resultant axial 
stresses at the corner of the flange are lower than the axial stresses at the nodes in the 
middle of the flange panel. This confirms that the diagrid system behaves exactly like a 
framed tube system or a box girder. 
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Figure 4-3: Axial Stress Distribution 
in Flange Panel 
 
Figure 4-4: Axial Stress Distribution 
in Web Panel 
A framed tube building of the same dimensions is also modeled and analyzed in 
SAP2000 to be compared with the diagrid building. There are 32 inclined column lines in 
the diagrid building, therefore the same number of column lines will be used in the 
framed tube building. The 60 story framed tube building is composed of 4 corner 
columns with 7 middle columns spaced at 15 feet on each side of the building. All beam 
and column connections are assumed to be rigid. Constraints are applied to the column 
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nodes at the floor level to represent the floor slab. The building is supported by fixed 
supports and loaded with uniformly distributed load at the corners of the building. 
Using the same size of structural members, the efficiency of the two systems is 
compared. SAP analysis gives the top deflection of the diagrid building to be 1.48 feet 
and 5.4 feet for the framed tube system. The shear lag effect in the two systems can be 
compared using the factor f, the ratio between the axial forces at the corner columns to 
the axial forces at the middle of the panel. The worst shear lag effect usually happens at 
the bottom of the building. The shear lag ratio for diagrid building is 1.49 where as the 
framed tube system experience shear lag to the factor of 5.69. The lateral deflection and 
shear lag factor values show that diagrid building performs more than 3 times better than 
framed tube system. Framed tube system has been used for many high-rises because of its 
efficiency. From these results, it can be seen that diagrid system is even more efficient 
than framed tube system and promises great potential as a structural system.  
4.3 Parametric Study 
To have a more thorough understanding of the shear lag effect in a diagrid 
system, a parametric study of diagrid buildings with various arrangements was 
conducted. The main parameters that were studied are the variation of the diagrid angle 
and the density of the diagrid in the building. The building models were analyzed for the 
deflection at the top of the building, the stress distribution and shear lag ratio. The weight 
and total number of nodes in the diagrid structure was also calculated to measure 
efficiency and economic considerations. 
4.3.1 Angle Variation 
Wide variety of angles for the diagrid was chosen to gain a comprehensive 
understanding of its contribution to the performance of the diagrid structure. The angles 
considered were as low as 30 degrees to 80 degrees with increments of 10 degrees. To 
adapt to the geometric condition of the building, the diagrid angles used were 31, 45, 
63.4, 71.6 and 80.5 degrees. The framed tube building modeled in the previous section 
will be included in this comparison study to represent 90 degrees diagrid angle. The 2 
inch thick 18 inch outside diameter pipe section that was used to satisfy the H/400 lateral 
deflection limit in the previous analysis is also used for all other diagrid buildings to 
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maintain a consistent base for analysis. Similar assumptions, constraints and loading 
procedures used in the 71.6 degrees model are also used for the other diagrid models. 
Studies on the sensitivity of the angle in diagrid members to the deflection of the 
structure of have previously been performed for 20 story, 42 story and 60 story buildings 
(Moon, 2005). However, this thesis will only consider 60 story building to focus on the 
behavior of shear lag in taller buildings. 
The axial forces in the diagrid members at quarter heights of the building were 
recorded along with the lateral deflection for each building model. Using the same Excel 
spreadsheet previously used, the longitudinal stress distribution the building is calculated 
and plotted. The shear lag ratio, f, was also calculated but only at the base of the building 
and mid height of the building. For complete calculation and plots for each model, see 
Appendix B. A summary of the results is shown in Table 4-1. 
Table 4-1: Deflection and Shear Lag Ratio for Diagrid with Different Angles 
Angle Deflection Shear Lag Ratio, f 
(degrees) (feet) Base Mid Height 
31 6.82 0.98 0.87 
45 2.70 1.06 0.85 
63.4 1.50 1.26 0.78 
71.6 1.48 1.49 0.69 
80.5 2.37 2.27 0.45 
90 5.40 5.69 0.51 
 
It can be observed that the diagrid building with the least deflection at the top of 
the building is the model with 71.6 degrees angle diagrid (Figure 4-5). This agrees with 
the study performed by Moon (2005). Note that almost all diagrid models have less 
deflection than the framed tube model, except the diagrid with 31 degrees angle. As the 
angle increases, the shear lag ratio at the base of the building increases nonlinearly 
(Figure 4-6). Shear lag ratio of less than 1 indicates negative shear lag effect. At mid 
height of the building, the stress distribution always exhibits negative shear lag effect 
(Figure 4-6). As the angle increases, the negative shear lag effect also worsen. The shear 
lag effect for smaller diagrid angle is smaller than in larger diagrid angle because the 
inclination of the diagrid members is closer to the direction of the lateral loading. 
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Therefore the diagrid has higher shear stiffness and the loading is effectively resisted by 
the component of axial force of the diagrid members in the direction of the loading. 
 
Figure 4-5: Deflection of Diagrid Models for Various Angles 
 
Figure 4-6: Shear Lag Ratio in Diagrid Structure for Various Angles 
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To measure the efficiency of the system, the weight of the structure can be 
compared to the corresponding deflection. The weight of the structure considered in this 
study is only the inclined members of the diagrid. The horizontal members of the diagrid 
triangles are part of the floor slab framing. The number of floors levels and the total 
horizontal structural elements related to the floors slab and diagrid triangles do not 
change from one model to another. Therefore, the change in the total weight of the 
building is only related to the change of the inclined or vertical members, which can be 
referred to as the lateral structure weight. The values are summarized in Table 4-2. 
Table 4-2: Lat. Structure Weight, Number of Nodes & Deflection of Varied Angle 
Angle Weight Number Deflection 
(degrees) (tons) of Nodes (feet) 
31 7643.61 1296 6.82 
45 5561.53 784 2.70 
63.4 4396.77 400 1.50 
71.6 4145.32 272 1.48 
80.5 3986.84 144 2.37 
90 3932.59 - 5.40 
 
 
Figure 4-7: Lateral Structure Weight for Various Diagrid Angles 
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Figure 4-8: Deflection of Diagrid Models vs. Lateral Structure Weight 
As shown in Figure 4-7, the weight of the lateral structure decreases as the angle 
of diagrid increases. Despite decreasing lateral structure weight, the diagrid models 
deflect less as the angle increases to around 70 degrees. Diagrid models with angles 
larger than 70 degrees seem to have little reduction in lateral structure weight, but 
experience sharp increase in the lateral deflection as shown in Figure 4-8. This finding, 
which was not examined in the previous diagrid system study, emphasizes the optimal 
diagrid angle related to the lateral displacement of a 60 story high-rise to be between 63.4 
degrees to 71.6 degrees. Diagrid buildings with angles higher than the optimal angle 
range will experience large deflection, whereas diagrid buildings with angles lower than 
the optimal angle range will have higher total structural weight. 
It is noted that any configuration of diagrid building experience less shear lag 
effect than the framed tube building. Nevertheless, diagrid building with the optimal 
angle was shown to experience shear lag to the order of 1.49 shear lag ratio at the base of 
the building. According to Figure 4-6, diagrid building with optimum angle experience 
higher shear lag effect than diagrid buildings with lower diagrid angles. This suggests 
that minimum shear lag effect does not guarantee optimum building performance in 
lateral displacement. This is because the lateral deflection is a combination of 
deformation due to bending and shear. Smaller angle diagrid provide higher shear 
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strength which translates to lower shear lag effect. However, the deformation due to 
bending is much greater than shear in tall buildings, therefore the shear lag does not play 
large role in reducing the lateral deflection.  
4.3.2 Diagrid Density Variation 
Besides the variation in the angle of the members, diagrid buildings can also be 
varied in the density of the diagonal grid used in the system. All procedures and 
assumptions used in previous models will be applied in the following models. The 
optimum diagrid angle of 71.6 degrees will be used and the diagrid density will varied to 
3, 4 and 6 bays of diagrid. A larger number of bays of diagrid is not considered as the 
implementation in a 120 feet wide building is not practical. When the spacing is too 
close, the diagonal grid becomes an obstruction to the outside view. Furthermore, the 
structure will loose its look of elegance and simplicity. 
The 4 bay diagrid with 71.6 degrees had been analyzed in the previous section. 
Similar Excel spreadsheet will be used to obtain the axial forces of the diagrid members 
for 3 bay and 6 bay diagrid models. The detailed calculations and plots are included in 
Appendix B. The summary of the results is shown in Table 4-3 and Table 4-4.  
Table 4-3: Deflection and Shear Lag Ratio for Diagrid with Varied Density 
Angle Diagrid Deflection Shear Lag Ratio, f 
(degrees) Density (feet) Base Mid Height 
71.6 3 1.98 1.3 0.67 
71.6 4 1.48 1.49 0.69 
71.6 6 0.98 1.59 0.74 
 
Just as expected, the deflection at the top of the building decreases as the number 
of bays in the diagrid building increases. Note that the decrease is not linear as shown in 
Figure 4-9. Although the deflection at the top of the building decreases as the density 
increases, Figure 4-10 shows that the shear lag ratio appears to increase as the density of 
the diagrid increases. This observation has never been done on diagrid structures. 
However, similar observation was done in framed tube building by Singh and Nagpal 
(1994). It can be suggested that the shear lag increase relates to the number of steps in 
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which the axial forces in the columns is distributed throughout the diagrid bays. More 
bays allow for more variation in the axial stress distribution, hence the increased shear 
lag effect. 
 
Figure 4-9: Lateral Structure Weight for Various Diagrid Densities 
 
 
Figure 4-10: Shear Lag Ratio in Diagrid Structure for Various Diagrid Densities 
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Table 4-4 lists the change in lateral structure weight, number of nodes and 
deflection of the top of the building as the number of bay in the diagrid is increased for 
the same diagrid angle. 
Table 4-4: Lat. Structure Weight, Number of Nodes & Deflection of Varied Density 
Angle Diagrid Weight Number Deflection 
(degrees) Density (tons) of Nodes (feet) 
71.6 3 3108.99 156 1.98 
71.6 4 4145.32 272 1.48 
71.6 6 6217.98 600 0.98 
 
 
 
Figure 4-11: Lateral Structure Weight for Various Diagrid Densities 
The lateral structure weight is directly proportional to the diagrid density as 
indicated by a linear relationship between the two variables in Figure 4-11. However, the 
structural stiffness of the diagrid does not increase in the same fashion. The deflection at 
the tip of the building does not decrease proportionally to the density and weight of the 
diagrid structure (Figure 4-12). 
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Figure 4-12: Deflection of Diagrid Models vs. Lateral Structure Weight 
A similar conclusion to the previous section relating to the relationship between 
the lateral deflection and shear lag can be reached in this section. Although the increase 
in density of diagrid reduces the lateral deflection, the shear lag effect is not reduced. 
4.4 Discussions 
Following is the typical axial stress diagram in SAP for all models. The stress 
diagrams shown in Figure 4-13 and Figure 4-14 are taken from a 60 story diagrid 
building with 4 bays of diagrid with angle of 71.6 degrees. The lighter shading indicates 
member in tension and darker shade indicates member under compression. The flanges 
exhibit exact anti-symmetry between the tension and compression flange. All tension 
members at the tension flange are in compression at the tension flange. The diagrid 
members at both web panels have exactly the same axial stress pattern. 
A closer look at the top half of the tension flange reveals diagrid members that are 
in compression (Figure 4-15). This is opposite to the general understanding from the 
beam theory. According to the beam theory, the portion of the beam above the neutral 
axis is acting only in tension. This phenomenon is related to the shear lag effect, 
particularly the negative shear lag. It has been reported before that in areas where 
negative shear lag is significant, the axial stresses at the corner of the framed tube 
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building may develop axial forces opposite to the middle columns (Singh and Nagpal, 
1994). 
 
Figure 4-13: Tension Flange Axial 
Stresses 
 
Figure 4-14: Web Panel Axial Stresses
Shear lag in framed tube system indicates the nonuniformity of the axial stresses 
across the cross section of the flange and web panels. The shear lag ratio is taken between 
the corner column and the middle column as performed for diagrid building in the 
previous section. This is not the case for diagrid buildings. Based on the axial force 
profile of the diagrid members, the largest difference in axial forces of the member in the 
same level are usually occur between the two member connected at the nodes closer to 
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the edge of the panel. This can be observed at mid height of the building as shown in 
Figure 4-16. 
It was observed that the compressive forces in the compression flange extend 
through the web panel along the members in a straight line to the members in the tension 
flange. The amount of the compressive force reduces progressively from one member to 
another as it moves away from the support. The compressive forces along the line were 
not found to decrease in a uniform fashion. All diagrid members in compression in the 
diagrid building are selected and plotted with the axial forces in Figure 4-17. When 
unfolded, the diagrid members that run along a straight line seem to have continuity 
through the web and flanges as shown in Figure 4-18. 
 
 
Figure 4-15: Top Half of the Tension 
Flange Panel 
 
Figure 4-16: Bottom Half of the 
Tension Flange Panel 
 38 
 
Figure 4-17: 
Compression Member 
 
Figure 4-18: Box Panels Unfolded Showing Only 
Compression Components
As discussed in the introduction of diagrid structures, the concern in constructing 
a diagrid building was the expensive node connections. The advancement in 
manufacturing methods and technology has made the cost of making the diagrid nodes 
within reasonable amount. However, it is still more costly than regular connections. 
Therefore, diagrid node fabrication cost has to be considered in addition to the material 
cost. Using values from Table 4-2 and Table 4-4, the number of nodes in diagrid 
buildings for various diagrid angles and density are plotted. 
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Figure 4-19: Number of Nodes in Diagrid Building for Various Angles 
 
Figure 4-20: Number of Nodes for Various Diagrid Densities 
 
As the diagrid angle increases, the number of nodes or hubs in the diagrid 
building decreases (Figure 4-19). At the same time, the lateral structural weight also 
decreases as the diagrid angle increases. Hence, the optimum diagrid angle for a 60 story 
high-rise that lays between 63.4 degrees to 71.6 degrees not only have the minimum 
deflection, but also have low total cost of nodes fabrication. Using Figure 4-9, Figure 
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4-10, Figure 4-11, Figure 4-12, and Figure 4-20, it can be concluded that the variation of 
diagrid density is almost proportional to the building performance and cost. The 
deflection at the top of the building decreases almost linearly with the number of bays in 
the diagrid building. The material and node fabrication cost also increase linearly with the 
number of bays. With similar cost and benefit for any number of bays in a diagrid 
building, the choice is only based on subjective preference of the architect or owner.  
Regardless of the number of nodes required, the fabrication of the hubs requires 
long manufacturing lead time. Unlike rigid moment connections, the nodes in diagrid 
structures are not easily modified to accommodate changes in beams or other members 
connected to the node. Therefore the design of the building has to finish quite early and 
the design of the hubs has to be finalized for fabrication before construction starts. The 
hub connection is difficult to be modified. Any modification to the node design is not 
practical to be performed on site and has to go back to the shop for fabrication. This may 
become a problem when unforeseen condition during construction requires the hub to be 
modified. 
 Further studies can be performed to formulate the relationship between the axial 
stresses in the web and flange panels related to the shear flow along the diagrid structure. 
The significance of the difference of axial forces in the diagrid members at the same level 
should be addressed as related to the design of the diagrid members. Research can be 
done in diagrid structures related to its capability to redistribute load in withstanding 
explosion or partial structural failure. Various configuration of diagrid structure can be 
studied to observe the consequence to the capability of the diagrid building in 
redistributing loads. Different types of structural failure in diagrid system should be 
studied to find the most catastrophic failure mode in diagrid structures. In terms of 
fabrication and construction cost, a comparison between rigid connection in framed tube 
system and the hub in diagrid should be performed to better understand the impact of the 
hub connections. 
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Chapter 5: Conclusion 
The study in this thesis has confirmed the existence of shear lag in diagrid system. 
Diagrid buildings are found to behave exactly like framed tube structures or box girders. 
This study has also confirmed the general notion of higher structural efficiency in diagrid 
structures. In most cases, diagrid buildings perform better than framed tube buildings. 
 In 60 story building, the optimal angle for diagrid system lays between 63.4 
degrees and 71.6 degrees. The diagrid building perform 3 times better than framed tube 
buildings in shear lag ratio and lateral deflection. All diagrid buildings of different 
configurations experience significantly less shear lag effect than framed tube building. 
This is due to its higher structural stiffness compared to framed tube buildings. Unlike 
other structural systems, diagrid buildings exploit its structural elements for its aesthetic 
values. Moreover, the aesthetic value is achieved of without compromising the structural 
efficiency of the building. 
 The structural performance of diagrid buildings depends heavily on the 
orientation of the diagrid elements. The shear lag effect and lateral deflection of the 
diagrid building changes drastically depending on the angle of the diagrid. The shear lag 
ratio of the diagrid building decrease significantly as the diagrid angle become smaller. 
The variation of the number of bays in diagrid building does not show significant effect 
to the shear lag and lateral displacement of the building. Larger number of bays results in 
slightly higher shear lag ratio. 
 Comparison between the shear lag effect and lateral displacement was drawn 
from the diagrid models used in this study. It is found that lower shear lag effect does not 
correspond directly to the lateral deflection. At times the diagrid building with higher 
shear lag has smaller deflection at the top of the building than diagrid building that 
experience less shear lag. It was concluded that shear lag effect does not influence the 
lateral deflection of high-rises. 
Fabrication of the diagrid node connections is a main consideration in the 
construction of diagrid buildings. Due to its complex arrangement, the hub has to be 
fabricated in the shop for efficient production in large quantity. It is very difficult and not 
practical to make modification to the hub in the field. Structural design of the building 
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has to be completed well ahead of the construction schedule to allow enough time for 
fabrication. 
Overall, diagrid as a structural system demonstrates high efficiency in carrying 
lateral load in high-rises. It performs better than the framed tube system. Diagrid system 
is the ideal structural system for high-rise buildings. 
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Appendix A 
Recent Diagrid Buildings 
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Amsterdam Vivaldi Kavel 11 (2007) 
Location: Amsterdam, The Netherlands 
Architect: Norman Foster (Foster and Associates) 
 47 
 
Jinling Tower (2007) 
Location: Nanjing, China 
Architect: Brian Lee (Skidmore, Owings & Merrill LLP) 
 48 
 
New headquarter for Vos Logistics (2007) 
Location: Oss, The Netherlands 
Architect: Gijs Joosen (Oosterhuis and Lénárd). 
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Appendix B 
Axial Stress Distribution Spreadsheets and Figures 
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